Tunable magnetoresistance in spin-orbit coupled graphene junctions by Beiranvand, Razieh & Hamzehpour, Hossein
Tunable magnetoresistance in spin-orbit coupled graphene junctions
Razieh Beiranvand1, ∗ and Hossein Hamzehpour2, 3
1Physics group, Department of basic science, Ayatollah Boroujerdi university, Boroujerd, Iran
2Department of Physics, K.N. Toosi University of Technology, Tehran 15875-4416, Iran
3School of Physics, Institute for Research in Fundamental Sciences (IPM), Tehran 19395-5531, Iran
Using the Landauer-Bu¨tikker formalism, we study the graphene magneto-transport in the presence
of Rashba spin-orbit interaction (RSOI). we show that the angle resolved transmission probability
in the proposed structures can be tuned by the RSOI strength. The transmission spectrum show
Klein tunneling in the parallel (P) magnetization configuration which can be blocked by the RSOI.
This effect is also observable for the anti-parallel (AP) magnetization configuration in different
incident angle. The numerical results shows that the spin-polarized conductance strongly depends
on the strength of the RSOI and can be generated by tuning the magnetic exchange field and RSOI
strength. This spin-polarized conductance is a sensitive oscillatory function of the thickness of
the RSO region. Because of the spin-flip effect, the junction shows a spin-valve effect with large
and negative magnetoresistance (MR) and spin-magnetoresistance (SMR) in the presence of RSOI.
When the RSOI is on, the frequency and amplitude of shot-noise and Fano factor’s oscillations are
also increased. These results can provide a way to extending the application of graphene-based
junctions in spintronics.
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2I. INTRODUCTION
Spintronics is a combination of two fundamental properties of the electron, namely charge and spin. A spintronic
device is strongly dependent of the degree of spin polarization in the current. Thus, one of the main purposes in the
field of spintronics is how to obtain and manipulate the spin-polarized currents [1, 2].
The most well-known application in spintronics is the spin-valve effect, in which the magnetoresistance (MR) of
junctions can be controlled by tuning the strength and orientation of the magnetic exchange field [3, 4]. A memory-
storage cell and a read head are two common examples of the giant magnetoresistance (GMR) applications which is
extremely used in the industry. The GMR sandwich structures made of alternating ferromagnetic and nonmagnetic
metal layers. The device resistance in such a structure can change from a small to a large value depending on the
relative orientation of the magnetization in the magnetic layers. Recent activities in designing and manufacturing
spintronic devices following two different scenarios. The first is finding new materials with larger spin polarization
or making improvements in the existing devices for better spin filtering. The second, which it seems to be more
important, focuses on finding novel and proper ways of both generation and utilization of spin-polarized currents. It
seems that these two targets can be accessible using the graphene-based spintronic devices [5–7].
Graphene is a versatile material with interesting electronic [17–20, 33], optical [21–23], magnetic [24–32, 34–37],
and thermal characteristics [38–41] that could utilize in many device applications. It is also an important material for
spintronic aims since the concentration of carriers can be controlled by gate voltages (or applied chemical potential).
The spin diffusion lengths of graphene can reach to 0.1 mm because of weak spin-orbit coupling in its layer [42].
Although in pristine graphene, the strength of spin–orbit interaction (SOI) is weak [43–45], but there is a possibility
of enhancing the intensity of SOI in graphene layer both theoretically and experimentally [44]. Symmetries can
generate two kinds of SOIs in graphene: (i) The intrinsic SOI originates from the intra-atomic spin-orbit couplings,
and (ii) The extrinsic Rashba spin-orbit interaction (RSOI) generates due to the structure inversion symmetry in the
presence of a perpendicular external electric field or curvature of the graphene sheet. The extrinsic term of SOI in
graphene has been estimated to be in the rage of about 0.05–0.0011 meV that can be increased via curvature inducing
in the sheet of graphene [44] . Indeed, in some experimental conditions, the extrinsic term of SOI can reach values up
to 200 meV at room temperature [46]. Since the extrinsic RSOI can be tuned by an applied electric field, graphene
can extremely used in spintronics. The RSOI is the most promising tool for the spin control. To demonstrate the
existence of proximity-induced RSOI in a sheet of graphene, the inverse Rashba-Edelstein effect was implemented.
In this method, a DC voltage along graphene layer is measured by spin to charge current conversion. Motivated by
recent developments in spintronics with the novel material, the spin-polarized transport in graphene-based junctions
are currently attracting a great deal of attentions [6–9, 13, 14]. Theoretical study have suggested that the spin-
dependent Klein tunneling in graphene makes the magnetoresistance exhibits the periodic oscillation features which
may be beneficial for the GMR devices [14]. In this paper we show that the application of Rashba spin-orbit (RSO)
coupling in the graphene-based junctions could lead to an interesting MR behavior, providing qualitative insight into
their scattering procedures. In order to obtain a high enough MR ratio, an alternative approach is to use the RSO
region as an interlayer between different ferromagnetic regions which provide a spin-mixing procedure influencing the
motion of Dirac electrons in graphene locally.
The paper is organized as follows: In Sec. II the theoretical method based on Landauer-Bu¨tikker formalism is
shortly outlined. Sec. III devoted to presentation of modeled structure and physical analysis, whereas the subsequent
section summarizes the main results and conclusions.
II. MODEL AND ANALYSIS
Let us, we consider a graphene-based F1-RSO-F2 junction made of two ferromagnetic (F) electrodes with a RSO
region as a spin-mixing barrier as shown in Fig.1. Since the ferromagnetism and RSOI can induce in graphene due to
proximity [15, 16], such a structure can be realized experimentally by depositing F and RSO segments on the top of
a graphene layer [15].
The charge carriers in such systems can be described by the following Dirac equation[48],
(
H − µi 0
0 µi − T [H]T −1
)(
u
v
)
= ε
(
u
v
)
, (1)
where T represents the time-reversal operator [48]. The term µi refers to the chemical potential of each region
that is easily tunable in graphene [17]. In whole paper we set a constant value of chemical potential in all regions for
simplicity. u and v are the two-dimensional electron and hole spinors in one valley and ε is the low-excitation energy
3Figure 1. A schematic illustration of the graphene-based F1-RSO-F2 junctions with parallel (P) and anti-parallel (AP) con-
figuration of magnetic exchange field. The junctions are set in the x − y plane and the uniform ferromagnetic and Rashba
spin-orbit regions are supposed to be semi-infinite. A possible path of an incident spin-up electron at the interface is also shown
in the F1 region. The F1-RSO-F2 boundaries are set at x = 0 and x = LRSO.
of carriers.
The Hamiltonian of the F1-RSO-F2 junction H = HF +HRSO +HD, consist of ferromagnetic part (HF) for x ≤ 0
and x ≥ LRSO, Rashba spin-orbit part (HRSO) for 0 ≤ x ≤ LRSO and the two dimensional Dirac Hamiltonian in
one valley HD = s0 ⊗ ~vF (σxkx + σyky) [49]. The low-energy excitation in F segment is described by the Dirac-type
equation, HF = (sz ⊗ σ0)h in which h refers to the strength of the magnetic exchange field which added to the Dirac
Hamiltonian via the Stoner approach. For simplicity, we assume that in both ferromagnetic regions, the magnetic
exchange field is oriented in the z-direction, without loss of generality [51]. In the above equations, kx and ky are the
components of wave vector in the x and y directions, respectively. si and σi are Pauli matrices acting on the real spin
and pseudo-spin spaces related to the two triangular sub-lattices in the honeycomb lattice of graphene. s0 and σ0 are
2 × 2 unit matrices, and for simplicity we assume ~vF = 1. In case of graphene, because of the valley degeneracy,
the final results are multiplied by 2. In this case, we have two types of configurations namely parallel (P), in which
h1 and h2 are in same directions with respect to the z-direction, and anti-parallel (AP), in which the directions of
magnetization in the F1 and F2 are opposite.
By diagonalizing the Dirac equation in the F region, eight eigenvalues are obtained,
εi = ±µ±
√
(kFix )2 + (ky)2 ± hi , (2)
where i = 1, 2 is the index of F regions.
In the RSO region, the HamiltonianH, in Eq. 1 consists of two parts namedHD andHRSO = −λ (sy ⊗ σx − sx ⊗ σy)
in which λ is the strength of RSOI. By diagonalizing the Hamiltonian of RSO region, we find following dispersion
relation,
ε = ±µ+ ζ√(kRSOx )2 + (ky)2 + λ2 + ηλ, (3)
in which the band indices indicated by η, ζ = ±1. The band structure in the presence of RSOI is gap-less with
a splitting of magnitude 2λ between two sub-bands in contrast to the intrinsic spin-orbit couplings. The sub-band
splitting due to the RSOI results in very interesting phenomena [52–54].
When an ↑-spin electron from the left F electrode incident on the interface at x = 0, not only there is a probability
of ↑-spin electron reflection (rN↑), but also the probability of spin-flip reflection of electron (rN↓) is non-zero. This
fact is a main consequence of the presence of RSOI region as a spin mixing barrier in the proposed junction. The low
energy band structures of the F1-RSO-F2 junction are shown in Fig.2. In the F regions, the magnetization splits up
the band structure into two sub-bands for ↑-spin and ↓-spin excitations. In the RSOI region, the spin and sudo-spin
are coupled so that the spin-momentum locked bands are splited and we mark them by {±,±} that refer to those ±
appear in the eigenvalues of Eq. (3).
So, the wave functions in the three regions can be written as:
4Figure 2. Low energy band structure in each region. In the F regions, ↑-spin and ↓-spin electrons belong to different subbands.
In the RSO region, there are two subbands splited by 2λ, the strength of the RSOI, where the spin of excitations is locked to
the direction of their momentum. The electron excitations are denoted by solid circles and their horizontal arrows represent
propagation directions whereas the vertical arrows is their spin directions. The vertical axis is the energy of excitations (ε)
while the horizontal one is their momentum (k).
ΨF1 = ψ
+
e↑ + rN↑ψ
−
e↑ + rN↓ψ
−
e↓,
ΨRSO = a1ψ
+
η=+1 + a2ψ
−
η=+1 + a3ψ
+
η=−1 + a4ψ
−
η=−1,
ΨF2 = te↑ψ+e↑ + te↓ψ
+
e↓,
(4)
in which te↑ and te↓ refer to the probability of transmission electrons with ↑- and ↓-spin directions in the F2 region,
respectively. It should be noted that each ψe↑(↓) has different values in F1 and F2 regions because of difference in the
value of applied magnetic exchange field. The wave functions associated with the dispersion relation in the F regions
are:
ψ±e↑(x) =
(
02, 1,±e±iαe↑ ,04)T e±ikFx↑x,
ψ±e↓(x) =
(
1,±e±iαe↓ ,02,04)T e±ikFx↓x, (5)
where 0n represents a 1×n matrix with only zero entries and T is a transpose operator. We assume that the junction
width W is enough large so that the y component of the wave vector ky is a conserved quantity upon the scattering
processes and therefore, we factored out the corresponding multiplication i.e. exp(ikyy).
The momentum of the incident ↑-spin electron makes an angle αe↑ with the x-axis. The angles of reflections inside
the F1 barrier then given by,
αe↓ = arctan
(
qn
kxe↓
)
. (6)
We denote kiy ≡ qn that can vary in interval −∞ ≤ qn ≤ +∞. The x component of the wavevector however becomes
imaginary for values of qn larger than a critical value q
c. The wavefunctions for qn > q
c are decaying functions and
therefore, depending on the junction geometry, are not able to contribute to the transport process.
Translational invariance in the transverse (y) direction implies conservation of transverse momentum,
ky = qn → ky sinαe = qn sinαe. (7)
The x-component of wavevectors are not conserved during the scattering processes. So they express as:
5Figure 3. Transmission and reflection probabilities through F1-RSO-F2 junction as a function of the incident angle for parallel
configuration (Top panels) and anti-parallel configuration (bottom panels) in un-doped regime (µ = 0). The parameters used
in the calculation are h1 = h2 = 1 and ε = 1. The Rashba term (λ) varies from zero to 15.

kF1x↑ = (ε+ µ+ h1) cosαe↑,
kF1x↓ = (ε+ µ− h1) cosαe↓,
kF2x↑ = (ε+ µ+ h2) cosαe↑,
kF2x↓ = (ε+ µ− h2) cosαe↓,
. (8)
in which ~vF = 1. By matching the wave functions at the boundaries, i.e., ΨF1 = ΨRSO at x = 0, and ΨRSO = ΨF2
at x = LRSO, we first calculate the transmission probabilities of charge carriers through graphene junction. Then,
we perform the calculation of the conductance in the tunneling junctions for the ↑-spin and ↓-spin electrons (See
Ref.[48]).
The transmission probabilities of ↑-spin electrons as a function of the incident angle (αe↑) are presented in Figs.
3 and 4. Since the Fermi energy of the graphene material can be tuned by the local chemical doping [17], we can
consider two different regimes named un-doped (µ ≈ 0) and doped (µ 6= 0) graphene. The chemical potential is
vanishingly small in an un-doped graphene sheet.
It should be noted that, in the graphene-based junctions, unlike spin–orbit splitting in the conventional materials,
which is usually small compared to the Fermi energy (it is about 10-11 meV), the strength of RSOI may be comparable
to or even be bigger than the Fermi energy of the electrons. Because, the RSOI couples the pseudo- and the real-spins
in graphene. So we can set λ up to 120 meV, which corresponds to the typical Fermi energy of the electrons in
graphene material. Thus the parameters used in the following diagrams are realistic and the results are exact.
In the absence of RSOI, the transmission spectrum for P configuration shows angular anisotropy and Klein tunneling,
obviously. Due to the presence of RSOI, Klein tunneling is blocked and a new type of normal reflection can also take
place which we called it, spin-flip normal reflection (See Figs. 3 and 4). The scattering probabilities can be tuned via
doping (µ), applied magnetic exchange field in each ferromagnetic electrodes (h1 and h2) and even the strength of
Rashba term (λ). For AP configuration, perfect transmission (Klein tunneling) can not be occurred because the state
of carriers in the two ferromagnetic electrodes are not the same(except for normal incidence with α↑ = 0). However,
there is a probability for spin-flipped Klein tunneling at oblique incident angle in the presence of RSOI.
The dispersion relation diagram of the F1-RSO-F2 junction (Fig. 2) shows that the RSOI opens a gap in the energy
spectrum, so it has a great impact on transport properties of quasi-particles in the junction. These also are discussed
in some previous studies by a different way [9, 14]. Another significant feature of such a junction is the ability to
split the spin current in both sides of junction. Let us consider that a ↑-spin electron hit the interface at x = 0. It
can reflect back as a ↑-spin electron or even ↓-spin one. We can easily tune the input parameters in the junction to
reach different regimes in which the probability of spin-flip normal reflection (or transmission) is dominant while the
probability of normal reflection (or transmission) is negligible. In such a regime, there is an input current with ↑-spin
carriers in F1 electrode which produced a ↓-spin output current in F2 electrode. This effect is obviously demonstrated
in Figs. 3 and 4. So, we can suggest this experimentally feasible junction as an spin-valve for spintronic aims. In
experimental setups, spin (angle)-resolved photo-emission spectroscopy was employed to observe the spin-dependent
6Figure 4. Same as Fig. 3, but for µ 6= 0.
band splitting in the junctions [10–12].
So far, we have only discussed on the angle-resolved transmission probabilities. Since the conductance is more
accessible in experiments than the transmission probabilities, we now turn to a discussion on the charge and spin
conductances. Based on the Landauer-Bu¨ttiker formalism, let us define the normalized charge and spin conductances
for the different magnetization configurations at zero temperature as,
Gch =
G↑ +G↓
2
,
Gsp =
Gs↑ +G
s
↓
2
,
(9)
G↑(↓) = g0
∫ pi/2
−pi/2
cosαdα
(
1−
∑
↑(↓)
(|rN↑|2 + |rN↓|2)
)
, (10)
Gs↑(↓) = g0
∫ pi/2
−pi/2
cosαdα
(
1−
∑
↑(↓)
(|rN↑|2 − |rN↓|2)
)
, (11)
where g0 = Nσ2e
2/h represents the spin-dependent ballistic conductance of the junction as a function of density of
state Nσ = |ε+ µ+ σh| where σ = ±1.
For both P and AP configurations, the total charge (spin) conductance across the junction is the sum of the two
spin-dependent charge (spin) conductances. They are GPch = G
↑↑
ch+G
↓↓
ch (G
P
sp = G
↑↑
sp+G
↓↓
sp) for P and G
AP
ch = G
↑↓
ch+G
↓↑
ch
(GAPsp = G
↑↓
sp +G
↓↑
sp) for AP configurations.
Then we obtain the charge and spin magnetoresistance (MR and SMR) as follow,
MR = (GPch −GAPch )/GPch,
SMR = (GPsp −GAPsp )/GPsp. (12)
Since G↑↑ = G↓↓ and G↑↓ = G↓↑, MR and SMR can be simplified to MR = (G
↑↑
ch − G↑↓ch)/G↑↓ch and SMR =
(G↑↑sp − G↑↓sp)/G↑↓sp , respectively. We also introduce the spin polarization of the current through the junction, ηP =
(G↑↑ −G↓↓)/(G↑↑ +G↓↓) and ηAP = (G↑↓ −G↓↑)/(G↑↓ +G↓↑) for the P and AP configurations, respectively.
In Fig. 5, the charge and spin conductances along with MR and SMR for both P and AP configurations are shown
as a function of h. The x-axis in this figure is the strength of magnetic exchange field. For simplicity, the strength
of applied magnetic exchange field in two ferromagnetic electrode are supposed to be equal (h1 = h2) and the value
of RSOI parameter varies from zero to 15. In the presence of RSOI, the sign of MR and SMR can switch from a
7Figure 5. (Color online) The charge and spin conductances along with MR and SMR percentages as a function of normalized
exchange field (h) are shown for both P and AP configurations. The magnitude of RSOI changes from zero to 15 and µ = ε = 1.
positive value to a negative one. Also, the maximum value of MR can reach to 350 % which is almost ten times larger
than that in the previous calculation [9, 50]. When the spin-orbit coupling is off (λ = 0), the middle region acts as a
flawless normal graphene sheet. It can be seen from the Fig. 5 that, in general, the MR ratio is small in the absence
of RSOI. But, when RSOI blocks one of the spin channels for carries, the MR ratio reaches to its maximum value up
to 300%. So, in order to get a high-value of the MR ratio, it is needed to shift between the center of the spin bands
in the RSOI region.
In the next step, we show the dependence of MR and SMR to the length of the junction for both P and AP
configurations. Fig. 6 show the charge and spin conductances accompany with the MR and SMR ratios as a function
of length (L). It can be seen from Fig. 6 that, due to the spin-dependent Klein tunneling, both MRs and conductances
exhibit the oscillation features. The results show that the P and AP conductances have the same oscillation periods.
At high strength of RSOI parameter, the frequency of oscillation increases. This effect originate from the influence
of RSOI region as a spin-mixer barrier. The RSOI region rotates the spin direction of the carriers. So, the final spin
direction of the carriers in F2 region depend on the strength of RSOI as well as the length of the junction.
Because of the particle-wave property of electrons, there is a current fluctuations out of equilibrium which is called
shot-noise [55]. The density-dependent shot-noise in graphene and the effect of disorders on it have been studied
theoretically before [56–58]. In our wave-function scattering procedure, the shot noise of the system has the following
form,
S =
∫ pi/2
−pi/2
T (1− T ) cosαdα, (13)
where T is the total transmission probabilities in F2 electrode. In this section we calculate the shot-noise in graphene-
based junction with and without RSOI. Next, we calculate the ratio of the actual shot-noise and the Poissonian noise
that is called Fano factor (F ) for both P and AP configurations,
8Figure 6. (Color online) The charge and spin conductances along with MR and SMR percentages as a function of length (L)
for both P and AP configurations. The magnitude of RSOI changes from zero to 15 and µ = ε = 1.
FP =
∫ pi/2
−pi/2 T
P (1− TP ) cosαdα
GP
,
FAP =
∫ pi/2
−pi/2 T
AP (1− TAP ) cosαdα
GAP
,
(14)
where TP = T↑↑ = T↓↓ and TAP = T↑↓ = T↓↑.
In Fig. 7, we present the typical dependence of the shot-noise on the length of the junction. As it can be seen
from Fig. 7, the parallel and anti-parallel shot-noises show oscillatory behavior as expected. But the amplitude and
frequency of these oscillations increased with increasing the strength of Rashba term. The phenomena of frequency
change originates from the interference effects between the quasi-particle’s wave functions in the RSO region. That
is to say, when the strength of RSOI is large, the amplitude and frequency of oscillations are increased because the
structure turn into a more complex structure. On the other hand, as the strength of RSOI increases, the value of
AP conductance can become larger than that of P configuration due to the spin-mixing effect. So, the P and AP
shot-noises do not behave as a monotonic function with increasing the RSOI strength, as seen in Fig.7.
Next we study the Fano factor diagram of such a structure. The total Fano factor in this system is shown in Fig.
8 for both P and AP configurations. The incident energy and total length are the same as those in Fig. 7.
In contrast to the behavior seen in the absence of RSOI, we do not observe a clear scaling behavior for Fano factor
in the presence of RSOI, specially in AP case. By the result of Fig. 8, the oscillation feature of Fano factor is
changed due to the increasing of the RSOI strength. As known, the universal maximum value of 1/3 for Fano factor
in graphene increased with decreasing in the density of charge carriers [56]. Since the RSOI change the density of
carriers, we can control the position and amplitude of the peaks by applying different values of λ.
9Figure 7. (Color online) Shot noise as a function of length (L) for both P and AP configurations. The parameters used in the
calculation are h1 = h2 = 2, µ = 2 and ε = 1. The magnitude of RSOI changes from zero to 15.
Figure 8. (Color online) Fano factor as a function of length (L) for both P and AP configurations. The parameters used in the
calculation are h1 = h2 = 2, µ = 2 and ε = 1. The magnitude of RSOI changes from zero to 15.
III. CONCLUSION
In summary, we have shown how the angle resolved transmission probability in the proposed structures may be
tuned by the RSOI strength. We also show that the spin-dependent conductance strongly depends on the strength
of the RSOI. This conductance is a sensitive oscillatory function of the thickness of the RSO region. Because of
the spin-flip effect, the junction shows a spin-valve effect with large and negative magnetoresistance (MR) and spin-
magnetoresistance (SMR) in the presence of RSOI. We also study the variation of shot-noise and Fano factor due to
the RSOI. Results show that the Fano factor can be tuned largely by the magnetic exchange field and RSOI. As the
graphene material is more flexible and simple in design than other nanoscale 2D materials, this proposed structures
may have a more expectance compared to the conventional semiconductor junctions.
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